Abs'tract
Magnetic resonance 1magmg (MRI) has been incorporated with stereotactic cerebral angiography and computed tomography ( CT) in the treatment planning process of heavy ion radiosurgery of intracranial arteriovenous malformations (A VMs). Correlation of the images of the AVM and normal tissue on each of these neuroradiological imaging modalities is achieved by means of fiducial markers. The computerized transfer of angiographic information to the CT images regarding the size, shape, and location of the abnormal vasculature has been described in an earlier report. A separate computer program calculates a fit between individual fiducial markers on the CT and MR images that enables the transfer of contours between the two imaging modalities. The goodness of fit is determined by contouring features easily recognizable on both sets of images and comparing them. The MRI images aid in the determination of the three-dimensional shape of the AVM, adding to the information derived from the two angiographic projections. Currently, MRI cannot replace cerebral angiography in delineating the entire, arterial phase of the AVM.
MRl is invaluable in the treatment planning of angiographically-occuH AVMs, deterrnining the location, size, and shape of the volume to be treate.~. Correlation of the CT and MRI images allows for the transfer of CT -calculated isodose contours '• ..
to the MRI images to aid in the determination of optimal treatment plans.
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INTRODUCTION
The development of nuclear m~gnetic resonance imaging (MR1) has greatly enhanced the ability to image anatomical structures and pathological states. In the brain, critical structures suc:h as the pons, midbrain and the thalamus are easily visible, and the gray and white matter components of brain tissue can be distinguished.
Normal vasculature is not normally imaged (with the exception of the large vessels, such as the carotids), but regions of high or low flow rate can be enhanced with swtc;tble pulse sequences [11] . The abnormal vasculature of intracranial arteriovenous malformations ( AVMs) is most often seen as a flow void when there are large numbers of vessels or large distended feeding and draining vessels (6, 14] . AVMs that have clinically demonstrable effects, yet are angiographically-occult ("cryptic"), are imaged by magnetic resonance. Cryptic AVMs have characteristic MR images due to hemorrhage-induced changes that have proven to be good predictors of the angiographic appearance (7, 15] . In addition to imaging the AVM, MR1 demonstrates the location of hemorrhage, both acute and chronic (1, 15] .
These advances have resulted in MR1 studies becoming part of the standard neuroradiological imaging work-up for the diagnosis and treatment planning of intracranial AVMs, in concert with cerebral angiography and x-ray computed tomography (CT). Angiography's ability to image the hemodynamics of the AVM by following the passage of a bolus of contrast medium from the arterial to the venous phase, along with its high spatial resolution, makes it the standard imaging procedure (14) . Contrast-enhanced CT demonstrates the region containing the nidus and the large feeding draining vessels, and, in the case of cryptic AVMs, regions of slowly flowing blood (6, 14) . Non-contrast CT is used in the treatment planning <;alculatio~1s [13) and for the diagnosis of acute hemorrhages.
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The radiosurgical treatment of AVMs is based on the delivery of a uniform radiation dose to the arterial com~onent of the lesion while attempting to spare the venous stru.ctures, damage to which could compromise normal tissue [3, 4, 8, 9] .
In this paper, we describe the integration of MRl into the treatment planning procedure, and the impact it has had in the radios~gical treatment of intracranial AVMs.
METHOD AND MATERIALS
All patients admitted to th~ radiosurgical proto~l at LaYvrence Berkeley Laboratory (LBL) undergo stereotac~ic ~erebral angiography (with the exception of th0se patients with cryptic AVMs who do not undergo angiography), CT, and MRl. The neuroradiological procedures are performed with the patient fixed in the stereotactic fra1ne and removable mask system, as described in Ref. (10] . 'l;'he patient wears a mask constru.cted of thermoplastic that conforms very accurately to the contours of the head. This mask is mounted in a versatile, lightweight fr~t:; that defines a fixed reference frallle by means of a series of fidU<;ial markers. Specially-designed interfaces are used to mount the stereotactiq frame on the angiography unit, the CT unit, and the radios~gical treatment couch. The MRI frame js identical to the frallle used in the x-ray studies in all important dimensiqns and is GQnstructed of lucite and nylon; the p-letal fiducial markers and positioning pins have been replaced with non-metallic ones.
To integrate the information from CT and MRI, a set of approximately 12 point-like fiducial markers is fixed to the patient mask. For' MRI, each marker is approximately 1.5 mm in diametex'; these small beads are fabricated by filling plastic tubing with olive oil and sealing the e;nds ·with a heated clamp. For CT, 1 mm diallleter bits of solder are used. They are wid~ly distxibuted about the mask to ensure visualization in the different imaging planes.
The MRI procedures are conduct.~d at several difft;rent facilities, and two different imaging $ysterns are used. 2 Imaging sequences are performed in three 2 GE Signa MR Scanner, General Electric Compan~. Milwaukee, WI (1.5 Tesla) and the LBLv orthogonal planes-axial, sagittal, and coronal. The slice thickness is 5 mm, and the slices are either interleaved using two scan sequences or are separated by 6 mm using one scan sequence. Typically, a sagittal sequence is taken first to localize the lesion. This is followed by an axial series and ~coronal series. The axial series is the most extensive spatially, usually encompassing nearly the..entire skull. The sagittal series usually <;:overs somewhat more than half the skull, and the coronal series is typically limited to the planes illlll)ediately adjacent to and intersecting the lesion.
The axi~ serie~ has a long TR (2000 msec) and short TE (20/80 msec, first and second echo); the sagittal typically has TR of 800 msec and aTE of 20 msec;
and th~ coronal has a TR of 600 msec and aTE of 20 msec. These are typical clinically-used scan parameters for the diagnosis of such lesions. The slice spacing is somewhat closer than normal to ensure that the entire AVM, as well as all the fiducial markers, is adequately imaged for treatment planning purposes.
The resulting sets of images are recorded in digitized form on magnetic tape for transfer to the treatment planning computer. After transfer, each image is scrutin.i~ed, thex, y, and z coordinates of each fiducial marker are recorded on both the MR1 and CT data sets, and a least-squares fit between the MRl coordinates and the CT coordinates is calculated. The fit parameters can be calculated between the axial CT slices and each set of MRI slices-axial, sagittal and coronal. Once the fit is determined, any set of points on one image set can be transformed to the <;:oordinate space of any other image set.
The computer modeling and algorithms used to carry out the i,mage con·elation bety.·een CT and MR images are described fully in Ref. [5) . A set of contours that define ~ volume in either CT or MR space is modeled as a surface b:y me~s of a tiling algorithm which joins sets of adjacent points. The node points that determine the surface are multiplied by the transfom1ation matrix to pmduce a surface in the MIT-IBM MRI unit (0.5 Tesla).
reference frame of the corresponding imaging modality. The orientation of the image planes in this modality are calculated, the three-dimensional surface is sliced along these planes, and the appropriate points defining the contour in this plane are determined.
To determine the goodness of fit of the correlation, several structures that are easily identified on both CT and MRI are contoured, transformed, and viewed.
Typically, the pituitary and the inner table of the skull are used for this purpose. If
. the AVM has not been imaged angiographically, the accuracy of the correlation between the angiographic films, CT and MRl is checked. (Ref. [13] describes how the angiographic information is transferred to the CT images.) By careful construction of the frame-couch interfaces, and use of the patient mask, the orientation of the slices is generally very similar between different studies. Differences are corrected by application of the least squares fitting procedure. The transformation calculated· in the fitting procedure contains the translation vector and the scaling and rotation matrix between the reference frames defined by each imaging procedure.
The AVM is then viewed in all three planes of the MR images and target contours drav.rr1. These contours are then transformed to the CT images. They are compared with the angiographically-derived contours. For cryptic AVMs, the MR contours are used to define the AVM volume. Using these target contours, a treatment plan is calculated [2, 13) , and a set of isodose contours on the appropriate CT slices is obtained. These isodose contours are then transformed to MRl coordinates so that the isodose distributions can be viewed oveilaid on the MR.,images. Correlations between CT and.coronal MR images have been performed only in a few cases du~ to the relatively small number of slices typically imaged and the subsequent difficulty in visualizing sufficient fiducial markers to obtain a good fit.
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RESULTS
Correlations between MRI and CT have been calculated for 36 patients with arteriovenous malformations. Of these, 11 were diagnosed as having cryptic AVMs .
The results of the correlations have qeen used in a progressive fashion to improve the technique of patient-mask making, to optimize the positioning and construction of the fiducial markers, and to alter the interfaces between the diagnostic equipment patient couches and .~he stereotactic frame to achieve reliable and accurate patient repositioning within the mask. 
DISCUSSION
At LBL, the integration of different imaging modalities has proven to be an important element in the radiosurgical treatment. of arteriovenous malformations using monoenergetic beams of helium ions. MRI has several definite roles to play in the treatment planning of these vascular disorders, each role exhibiting strengths and weaknesses inherent in the method and dependent on the exact nature of the lesion to be treated.
The accuracy of the correlations between the CT, MRI, and cerebral angiography images is a crucial element in the effectiveness of the treatment planning procedures. The effectiveness of the stereotactic frame and mask and the accuracy of the correlation between CT and angiography have already been discussed in earlie~; reports [10, 13] . However, the incorporation of MRI has resulted in some slight modification of our procedures, a better rmderstanding of the source and magnitude of errors in the repositioning of the patient within the mask, and an increased confidence in the accuracy of our ability to target and irradiate a desired volume of tis~me within the brain. The three-dimensional matrices of information provided by CT and MRI yield more detailed images for comparison than the projected views of stereotactic angiography. Such comparisons inclicated that the major source of error between separate stuclies was rotation about the left-right axis of the head.
Increased attention to the fitting of the mask and adjustments in the frame-patient couch interfaces on the separate imaging systems have reduced this problem.
The correlations between CT and the axial MR images and the sagittal MR images are usually the poorest along th~ axis perpencli~ular to the plane of the image. \Vithin the plane of the image, the position of the fiducial markers can be determined to the resolution of the image, approximately 1 mm. In the direction perpenclicular to the images, the slice thickness significantly trlrects the resolution.
For CT, 5 mm thick slices with 3 mm separation are typically used, and for MRI, 5 rnrn thick slices with 6 mm slice separation are used. It is not unusual for the transformation between axial MRI to axial CT to be incorrect by approximately one CT slice. In these cases, examination of the images is used to alter the transformation matrix and effect a more accurate correlation. Volume-averaging in the MR images can also be significant when contouring a small volume and transforming the contours to CT ~mages.
The first stage of treatment planning is to define the target. As illustrated in Fig. 2-4 , magnetic resonance images contain a wide range of information with regard to delineating the exact contours of the abnormal vasculature. Examples are given that illustrate good agreement between MRI and angiography, .poor agreement where angiography is superior, and poor agreement where MRI is superior. In our system that uses two orthogonal angiographic projections to define the target contours, the three-dimensional information in MRI is most helpful when a small projection of abnormal vasculature distorts the dimensions of the projected lesion, with the result that an appreciable volume of normal tissue is included in the target volume (Fig. 4) . MRl can also prove useful in clearly imaging the architecture of the brain, so that functional structures can be distinguished. Although CT has some use here as well, MRI has much better contrast. and the detenrunation of \.I the volume to be included in the high dose region can take into account information detailing the degree to which the AVM has invaded or distorted the normal architecture of the healthy brain tissue [6] . In our experience, MR studies that provide information resulting in modifications to the angiographically-derived contours occur in approximately one-quarter to one-third of the cases. Fig. 3 , the large venous draining veins are often distinguishable from the arterial component by virtue of the uniform intensity of the flow void of the veins and the ability to image sequential slices so that the spatial course of the vein can be followed as different levels within the brain are viewed. This ability to use the three-dimensional information to help define the nidus often results in measured AVM dimensions that. are smaller when measured on MRI than on angiography [12) . However, in many of these cases, the arterial phase is inextricably tangled with the venous structures and it is not possible to define a target for x:adiosurgery that would exclude only the latter. This additional three-dimensio~al information can be useful in the assessment of the prognosis for treatment and in intepreting subsequent neuroradiological imaging procedures to follow radiation-induced changes, but, in general, it is not helpful in determining the target volume.
Similar conclusions concerning the relative roles of :t-.1RI. CT and cerebral angiography in determining the size and location of AVMs have resulted from other studies designed to evaluate the role of the imaging modalities in the management of these lesions [6, 14) . It should be noted that the figure stated above for the fraction of cases in which MRI has provided additional, useful information in determining the region to be treated may be skewed with respect to the-.general AVM population presenting for radiosurgical treatment. Heavy charged particle radiosurgery has proven to be exceptionally capable of treating large AVMs with the result that the median size of AVM treated at LBL is 4 cm 3 . As described above, MRI is less likely to image clearly the AVM nidus when th~ lesion is large than when it is small. To date, these methods have produced some impressive images, ~articularly when integrated with three-dimensional viewing capabilities. However, the inability to separa,te the arterial and venous phases makes it unlikely that such images will replace conventional cerebral angiography.
~UMMARY AND CONCLUSIONS
Magnetic resonance imaging has been incorporated in several ways into the treatment planning of heavy charged particle radiosurgery of intracranial arteriovenous malformations. It is used to aid in the determination of the exact boundaries ... 
